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Abstract. Two types of Nb-containing mesoporous materials were studied: (i) NbSBA-15 with 2D-hexagonal
structure and (ii) NbFDU-1 with cage-like structure. The elucidation of the pore connectivity and the pore blockage
on the basis of nitrogen and argon desorption isotherms combined with FTIR and H,-TPR studies is presented for
niobium-containing materials. Moreover, the surface properties are studied by FTIR with NO, while the catalytic

activity is examined by sulfide and cyclohexene oxidation with hydrogen peroxide.

Keywords: adsorption, catalysis, niobium, polymer-templating synthesis

1. Introduction

Niobium belongs to the transition metals that iso-
morphously substitute silicon in the structures of or-
dered mesoporous materials (OMMs) first reported in
1992 (Kresge et al.). In the past few years much work
has been done on the surfactant-templated material,
NbMCM-41, and several synthesis routes have been
developed for this material (Ziolek and Nowak, 1997;
Zhang and Ying, 1997; Nowak, 2002, 2004; Hartmann
et al., 2003; Parvulescu et al., 2003). There has been a
growing interest in the synthesis of other OMM:s con-
taining niobium, especially polymer-templated ones,
which are attractive for adsorption, catalysis and im-
mobilization of molecules. The polymeric templates
provide great opportunities for the pore size and pore
structure engineering.

*To whom correspondence should be addressed.

In this work two kinds of triblock copolymers of
ABA type were chosen to synthesize two different
structures: SBA-15, which is the 2D hexagonal array of
ordered mesopores interconnected by irregular micro-
pores, and FDU-1, which is a cage-like mesoporous
structure with complementary microporosity. So far,
the adsorption properties of NbSBA-15 and NbFDU-1
materials have been investigated by nitrogen adsorp-
tion. This study is focused on the argon adsorption
analysis of polymer-templated mesoporous molecular
sieves prepared with different triblock-copolymers of
similar EO/PO and EO/BO ratios, where EO, PO and
BO denote ethylene, propylene and butylene oxides. It
is known that argon at 77 K is suitable for studying
porosity of materials with pores below 15 nm (Kruk
et al., 2003). Here, low-temperature (77 K) argon ad-
sorption data will be used for characterization of or-
dered siliceous mesostructures containing niobium and
for assessment of their quality.
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The incorporation of niobium was monitored
by chemical analysis and hydrogen temperature-
programmed reduction (H,-TPR). The textu-
ral/structural/surface properties were investigated by
X-ray diffraction (XRD) and Infrared Spectroscopy
combined with NO (FTIR/NO). Moreover, the cat-
alytic activity was examined by phenyl methyl sulfide
and cyclohexene oxidation with hydrogen peroxide.

2. Synthesis

Niobosilicate samples of NbSBA-15 and NbFDU-1
were synthesized as reported elsewhere (Nowak et
al., 2004, Nowak and Jaroniec, 2005). Both materials
were prepared using tetraethyl orthosilicate - TEOS
(Aldrich) and niobium(V) oxalate (CBMM, Brazil) as
silicon and niobium sources, respectively. The Si/Nb
atomic ratio was kept 64. Two different triblock-
copolymers were used, i.e., BASF Pluronic P103—
(EO)35(PO)s6(EO)33 and Dow Chemicals B50-6600—
(EO)39(BO)47(EO)39, for the synthesis of NbSBA-15
and NbFDU-1, respectively, to investigate the effect
of the polymer structure on the porosity of the result-
ing material. The hydrothermal treatment was carried
out at 353 K for 16 h for NbSBA-15 and 373 K for
6 h for NbFDU-1 in order to obtain a similar contri-
bution of micropores fraction (around one third of the
total pore volume). The precipitate in both cases was
filtered, dried and calcined at 823 K for 8 h.

3. Characterization

3.1. Nitrogen and Argon Low-Temperature
Adsorption

The physical adsorption/desorption isotherms of nitro-
gen and argon were recorded on a Micromeritics 2010
instrument. For these measurements about 200 mg of
each sample was degassed under vacuum at 473 K for
2 h. The BET surface area was calculated from the data
acquired in the relative pressure (p/po) range of 0.05
to 0.2. The cross-sectional areas of 0.162 and 0.138
nm? were used for nitrogen molecule and argon atom,
respectively, in the BET calculations. The volumes of
micropores, V,,;, and mesopores, V,, were assessed us-
ing the o plot method (Jaroniec et al., 1999), where o
is the standard relative adsorption defined as the amount
adsorbed on a reference adsorbent (in this case LiChro-
spher Si-1000) at a given relative pressure divided by

the amount adsorbed at the relative pressure of 0.4. The
micropore volume was calculated in the o, range from
0.9 to 1.2, i.e., from the linear segment of the «; plot
below the onset of capillary condensation. The volume
of primary mesopores was evaluated in the range of «;
from 1.8 to 2.2, i.e., from a linear segment of the «;
plot that appears after completion of the capillary con-
densation step. The pore size distribution (PSD) was
calculated from the adsorption branch of isotherms by
using the Barrett-Joyner-Halenda (BJH) method mod-
ified by Kruk et al. (1997) known as the KJS method.
The diameter of primary mesopores, wpsp, is defined
as the maximum on PSD. Moreover, due to the fact that
the geometry of primary mesopores of FDU-1 can be
approximated by a sphere rather than a cylinder, this
method leads to a systematic underestimation of the
size of cage-like pores by about 2 nm (Matos et al.,
2003). Thus, the primary mesopore cage diameter of
FDU-1, w*, was estimated on the basis of the unit-cell
size assessed from XRD and the pore volumes assessed
from gas adsorption data, i.e., V), and V,,; from the o
plot according to the following formula (Matos et al.,

2003):
v 1/3
w* =0.78 - q - <—”) ()
1/10 + Vmi + Vp
where p is the silica density equal to 2.2 g cm ™. For
SBA-15 the following formulae was used (Kruk et al.,

2003):
12
Yy ) @

w* =1.05-ag - <—
1/p+vmi+vp

3.2.  X-Ray Diffraction (XRD)

XRD measurements were made on TUR-62 using Ni-
filtered Cu K, radiation (0.15418 nm). The XRD data
were collected in the 26-region of 1.4 to 10° at a step
size 0.02°. The data were also collected in the 20-region
of 10-60° to monitor the formation of bulk niobium
oxide, if any.

3.3. H)-TPR

Temperature-programmed reduction (TPR) was con-
ducted using a conventional apparatus (Micromeritics
PulseChemisorb 2705) equipped with a thermal con-
ductivity detector. Each sample was pre-treated in a
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helium flow at 673 K for 1 h, and cooled down to
room temperature (RT). The reduction was performed
by heating the sample from 298 up to 1373 K at a rate
of 10 K min~! using a 10 vol% H,/Ar mixture flow
(32 cm?® min™ ).

3.4.  FTIR Spectroscopy

IR spectra were recorded in absorbance mode using a
vacuum cell, prior to and after dosing nitrogen (II) ox-
ide - NO at room temperature. A self-supported sample
wafer weighing 10 mg cm~2 was activated by heating
in situ for 3 h at a temperature of 723 K and under
a vacuum of 10~ Torr prior to its exposure to NO.
A Bruker Vector 22 FTIR spectrometer was employed
and 128 scans were collected at a resolution of 2 cm™!
for recording each spectrum. The IR spectra of the ac-
tivated samples were subtracted from those registered
after NO adsorption at RT followed by various treat-
ments. The reported spectra reflect data after this sub-
traction. Only the spectra shown in the 850-1000 cm ™!
region are original without subtraction of the spectrum
after activation.

3.5. Catalytic Oxidation

In a typical oxidation run, 0.04 g of the catalyst and 10
cm? of acetonitrile as solvent were fed in the batch reac-
tor and the mixture was heated up to 318 and 323 K for
cyclohexene and phenyl methyl sulfide, respectively,
under vigorous stirring. At that temperature, 2 mmol
of substrate followed by 2 mmol of hydrogen peroxide
(~34 wt% aqueous solution) were added. The reac-
tion time was 40 and 12 h for cyclohexene and phenyl
methyl sulfide, respectively. Samples of the cyclohex-
ene oxidation were taken after each 40 min and ana-
lyzed using a Carlo Erba GC8000 Top gas chromato-
graph equipped with a DB-1 capillary column and a
flame ionization detector (FID). The organic phase of

sulfide oxidation was analyzed by gas chromatography
(SRI 8610 chromatograph) using an on-line capillary
column (Porapak QS) and FID detector. The identifica-
tion of the products in both cases was achieved from the
retention time of the pure compounds and occasionally
by GC-MS.

4. Results and Discussion

The actual Si/Nb ratio in the calcined samples was
determined by EDX (Shimadzu EDX 700) to be 165
for NbFDU-1 and 141 for NbSBA-15. The use of the
acidic synthesis conditions for the preparation of Nb-
containing materials led to about twice lower amount
of niobium incorporated.

The XRD patterns are characteristic of mesoporous
materials of SBA-15 and FDU-1 materials with typical
dygo (strong), dy1o and dpgy (weak) for NbSBA1S5, and
dip; (strong) and several other (weak) reflections for
NbFDU-1. No obvious differences could be observed
from the XRD patterns (not shown here) for these two
niobium-containing samples and pure silica ones, sug-
gesting that the characteristic mesoporous structure is
well preserved after introducing Nb into the skeleton.
These samples could be indexed on the basis of a hexag-
onal unit cell with ag = 10.6 nm and of a cubic cell
with ag = 21.9 nm, for NbSBA-15 and NbFDU-1,
respectively (see Table 1).

It is known (Ziolek et al., 2001) that the low tem-
perature (LT) peaks (below ~1000 K) are due to
the reduction of extra-framework niobium species,
whereas, those at high temperatures (HT) - above
~1000 K—characterize the reduction of niobium lo-
calized in the framework of MCM-41 samples. The
reduction profiles of NbSBA-15 and NbFDU-1 sam-
ples are shown in Fig. 1. Two of the TPR peaks
for NbFDU-1, at ~900 and 1350 K, are like those
observed for the niobosiliceous MCM-41 material
(2D hexagonal mesostructure) and were assigned to
the extra-framework and framework niobium species,

Table 1. Textural/structural properties of Nb-containing samples.

BET(m?¢™!)  wpsp (nm)  V, (em’g™) Vini (em’g™ 1)
Sample ap (nm) N Ar N» Ar N> Ar N» Ar w* (nm)
NbSBA-15 10.6 780 700 7.4 76 038 039 0.18(33%) 0.11 (23%) 7.4
NbFDU-1 21.7 970 850 11.2 101 048 056 0.29 (38%) 0.21 (27%) 12.5

*Calculated from Eqgs. (1) and (2).
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Figure 1. H,-TPR profiles of NbSBA-15 (a) and NbFDU-1 (b).

respectively. For NbSBA-15 material such peaks are
shifted into the higher temperature suggesting that the
reduction of niobium species is more difficult. Besides
being less intense, the shape of the reduction peak at
1050 K for NbSBA-15 is considerably different from
that observed for the NbFDU-1 sample. The broad low-
temperature peak suggests increasing hydrogen con-
sumption by more than one reduced species. The above
stated features can suggest that extra-framework nio-
bium covers framework niobium species in the case
of NbSBA-15. A more evident presence of framework
niobium is in the case of the NbFDU-1 sample. In this
material more than one niobium species was also de-
tected.

The incorporation of niobium into the silica frame-
work, at the concentrations used here, produces small
particles of extra-framework niobium oxide species,
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typically Nb,Os. The presence of Nb,Os particles in
the two different samples was also supported by the
FTIR and wide-angle XRD results (not shown), which
is evidenced by the characteristic Nb,Os band at about
680 cm~! and reflections at 20 = 22.5°, 28.3° typi-
cal for orthorhombic crystalline Nb,Os. The presence
of extra-framework niobium in the form of crystalline
niobium oxide causes the pore or cavity entrance block-
age that will be further studied by nitrogen and argon
adsorption/desorption.

Nitrogen and argon adsorption isotherms (type IV)
at 77 K (Fig. 2) confirm that both samples possess
well-defined mesoporosity. Adsorption parameters for
the materials synthesized in this project are summa-
rized in Table 1. The Nb-containing materials have the
BET specific surface of about 800-1000 m? g~! and
the mesopore volume of about 0.5 cm?® g~! similar to
those observed for siliceous FDU-1 and SBA-15. The
BET surface areas and pore volumes for NbSBA-15
and NbFDU-1 were also measured with argon adsorp-
tion and the results are included in Table 1. There is a
good consistency between argon and nitrogen adsorp-
tion measurements.

The initial portion of the isotherm corresponds to
the adsorption in micropores and formation of a multi-
layer film on the pore walls. NbFDU-1 and NbSBA-15
contain intrawall micropores (their amount is shown in
Table 1) that are typical for the materials prepared us-
ing polymeric surfactants with EO blocks. As expected
for SBA-15 silicas, the NbSBA-15 sample is apprecia-
bly microporous (~33 and 23% of the total porosity
are micropores from nitrogen and argon adsorption,
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respectively), while NbFDU-1 shows slightly higher
amount of micropores (~38 and 27%), however the
low-size PSD of the latter sample is shifted to higher
values (Fig. 2(B) and (D)). The mesopore diame-
ter is about ~7.4 and ~11.2 nm for NbSBA-15 and
NbFDU-1, respectively.

Adsorption isotherms for NbSBA-15 are shown in
Fig. 2(A). They exhibit sharp steps in the relative pres-
sure of about 0.65 for nitrogen and 0.7 for argon, re-
spectively, which reflect the capillary condensation in
the channels of SBA-15. It can be seen that for ar-
gon adsorption, this steep is more vertical and shifted
to higher relative pressures. Moreover, the hysteresis
loop for N, isotherm (type H1) is slightly broader and
exhibits some tailing that can be arise from constric-
tions in the porous structure. Argon adsorption hys-
teresis is closed quite abruptly in the proximity of the
lower limit of adsorption/desorption hysteresis, which
indicates that these constrictions are below 4 nm. The
influence of the extra-framework niobium formation
(H,-TPR and FTIR/XRD studies) on the porous sys-
tem is thus confirmed.

By employing argon adsorption the cavity entrance
size of NbFDU-1 can be established. It was shown
(Kruk and Jaroniec, 2003; Matos et al., 2003) that a
bigger difference between nitrogen and argon adsorp-
tion curves in the area of condensation step is con-
nected with a larger entrance. Moreover, for the cavity
entrance sizes in the range from 1.3 to 4 nm there was
steep decline of the desorption branches of nitrogen
and argon isotherms above the lower limit of hystere-
sis, for entrances above 4 and below 5 nm—a gradual
decline was observed for the argon desorption branch,

o

Absorbance, a.u.

i [

a

a

Wavenumber, cm’ Wavenumber, cm™

1000 975 950 925 900 1000 975 950 925 900

Absorbance, a.u.

741

while for entrances above 5 nm—a gradual decline of
nitrogen and argon desorption branches was visible.
Thus, in our case the entrance size was estimated to
be ~3 nm (Fig. 2(C)). It seems that the cavitation ef-
fect is observed here, not a pore blocking, due to a big
difference between the cavity size and entrance.

To examine the niobium location in mesoporous
molecular sieves the FTIR spectroscopy using a stan-
dard self-supporting pellet was employed. It is well-
known (Broclawik et al., 2000; Sponer et al., 2001) that
upon coordination of metal cations to the framework
oxygens of high silica zeolites new, intense bands ap-
pear in the transmission window between the antisym-
metric (~1100 cm™!) and symmetric (800 cm™") T-O-
T stretching modes. The new bands have been ascribed
to the T-O-T skeletal stretching modes, shifted (red
shift) due to a perturbation caused by cation coordina-
tion (referred to as the “deformation shift””). Moreover,
the coordination of electron donor ligands such as NO
to the metal cations changes the strength of the bond be-
tween the metal and the framework oxygens and hence
it is detectable in the infrared spectra (a blue shift of
about 10-20 cm™!). Both niobium-containing samples
studied show a few IR bands suggesting the presence
of various niobium species. In both cases a high shift
of the perturbed T-O-T band to the lower wavenum-
bers (1000-950 cm™!) is visible (Fig. 3). It indicates
the excessive influence of Nb-species on the T-O-T vi-
bration. For NbSBA-15 after adsorption of NO almost
no shift in the infrared spectra was observed while a
small one for NbFDU-1 material (compare Fig. 3(A)
and (B)). The band at 960 cm™' for NbFDU-1 is shifted
by 10 cm™! that indicates very high “relaxation shift”

1600
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Figure 3. FTIR spectra for NbSBA-15 (A,C) and NbFDU-1 (B,D) recorded in the vacuum IR cell without subtraction (A,B): (a) after evacuation
at 723 K, 3 h; (b) after NO adsorption at RT; and after subtraction of the spectrum after activation (C,D): (c) after NO adsorption at RT, 3 h;

followed by the evacuation at: (d) RT, 0.5 h, and (e) 373 K, 0.5 h.
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Table 2. Catalytic behaviors of NbSBA-15 and NbFDU-1 towards oxidations of cyclohexene and phenyl methyl sulfide with

hydrogen peroxide at 318 and 323 K, respectively.

Selectivity (%)* Selectivity (%)°
Catalysts C¢Hjo conversion (%)* CeHi0O CgHjo(OH);  PhSCHj3 conversion (%)" PhSOCH3 PhSO,CH;
NbSBA-15 29 20 15 55 45
NbFDU-1 10 30 9 63 37
@ After 40 h.
b After 12 h.

suggesting strong bonding of NO with niobium species
in the case of NbFDU-1. Such a phenomenon can sug-
gest easy access to the niobium localized in the frame-
work, thus no blocking effect exists in this material.
Therefore, we believe that extra-framework niobium
species are located outside the cavities of NbFDU-1.
The presence of framework niobium for NbSBA-15
(i.e., the occurrence of the “relaxation shift”) is not so
clear in agreement with H,-TPR results.

The surface properties of the above mentioned sam-
ples were studied by NO interaction with the niobium-
species by analysis of the FTIR spectra in the 1300-
2200 cm™! region. Fig. 3(C) and (D) show that the ad-
sorption of NO at RT on both samples leads to the for-
mation of nitrato/nitrito species at the wavenumbers be-
low 1600 cm™!. The results presented in Fig. 3(C) and
(D) indicate the oxidizing properties of both materials.

Mesoporous host materials with one dimensional
(SBA-15) and three-dimensional (FDU-1) channel sys-
tems were compared in the oxidation processes. The
two different host systems were chosen because of
their suggested differences in catalytic applications due
to the pore blocking effects, which are much more
likely for NbSBA-15 or due to small cavity entrance—
for NbFDU-1. The catalytic activity and selectivity
in the oxidation of cyclohexene and phenyl methyl
sulfide over NbSBA-15 and NbFDU-1 are shown in
Table 2.

Cyclohexene is oxidized to produce cyclohexene
diol as a main product together with cyclohexene ox-
ide as by-product. The major product in phenyl methyl
sulfide oxidation is sulfoxide, a desired product regard-
ing its biological and pharmacological properties. The
results given in Table 2 show that, in the case of both
oxidation reactions, NbSBA-15 catalyst is more active
than NbFDU-1. It may be a consequence of the eas-
ier diffusion of the sulfide through the pores of SBA-
15 (7 nm channel) than in the cavities of NbFDU-1

(~11 nm cavity with ~3 nm entrance). Interestingly,
for alkene oxidation the structure factor is especially
influencing the conversion, while it is less pronounced
for sulfide. NbSBA-15 material is effective for both
reactions studied; however activities and yields of de-
sired products are lower than those for NbMCM-41
materials. This fact can be explained by more effective
isolation of niobium species in the MCM-41 matrix
(Nowak and Ziolek, 2005).

5. Conclusions

The NbSBA-15 and NbFDU-1 materials prepared by
niobium incorporation during the synthesis in acidic
aqueous media have a hexagonally ordered structure
of uniform mesopores with some pore constrictions
less than 4 nm and a cage-like structure with cavi-
ties of 11 nm and entrance sizes of ~3 nm, respec-
tively. Niobium is believed to be located partially in
the framework positions in both cases; however the
presence of extra-framework niobium was also estab-
lished. In NbFDU-1 extra-framework species are situ-
ated outside the cavities, whereas in NbSBA-15 they
are placed in the channels. Both niobium-containing
mesoporous molecular sieves exhibit oxidative proper-
ties as revealed by NO/FTIR studies and consequently,
show catalytic activity in oxidation processes.
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